The ability of individual T cells to perform multiple effector functions is crucial for protective immunity against viruses and cancer. This polyfunctionality is frequently lost during chronic infections; however, the molecular mechanisms driving T cell polyfunctionality are poorly understood. We found that human T cells stimulated by a high concentration of antigen lacked polyfunctionality and expressed a transcription profile similar to that of exhausted T cells. One specific pathway implicated by the transcription profile in control of T cell polyfunctionality was the MAPK/ERK pathway. This pathway was altered in response to different antigen concentrations, and polyfunctionality correlated with upregulation of phosphorylated ERK. T cells that were stimulated with a high concentration of antigen upregulated sprouty-2 (SPRY2), a negative regulator of the MAPK/ERK pathway. The clinical relevance of SPRY2 was confirmed by examining SPRY2 expression in HIVspecific T cells, where high levels of SPRY2 were seen in HIV-specific T cells and inhibition of SPRY2 expression enhanced the HIV-specific polyfunctional response independently of the PD-1 pathway. Our findings indicate that increased SPRY2 expression during chronic viral infection reduces T cell polyfunctionality and identify SPRY2 as a potential target for immunotherapy.
Introduction
A growing consensus indicates that T cells capable of simultaneously producing multiple effector functions, referred to as "polyfunctional" T cells, are a key subset in the development of effective immune responses against pathogens and cancer (1-7). These T cells, in addition to producing cytokines such as IL-2, TNF-α, and IFN-γ, produce chemokines and also display cytolytic function. In contrast to acute infection, optimal polyfunctional memory T cell responses are lost in chronic infections and cancer, both in humans and mice (5, 8, 9) . These cells have been characterized as "exhausted" (8, 10) and factors promoting the development of T cell exhaustion include persistent and high levels of antigen stimulation (11, 12) , DC inhibition (3) , and upregulation of inhibitory receptors, such as PD-1, on T cells (13) (14) (15) (16) (17) . While recent work has highlighted a role for PD-1 and other inhibitory receptors in T cell exhaustion, blockade of inhibitory receptor signaling in HIV-specific T cells had only a moderate effect in reversing the exhaustion phenotype and increasing T cell polyfunctionality (14, 15) , thus indicating that additional molecular mechanisms are involved in the inhibition of T cell polyfunctionality.
Differences in T cell polyfunctionality correlate with differences in memory T cell formation in response to immunization as well as to viral infection. Regulation of vaccine-induced adaptive immune responses is complex and, in part, dependent on antigen dose (1) . In animal models, high-dose vaccination results in inferior T cell polyfunctionality, poor memory formation and weaker immune protection as compared with optimal dose vaccination (4, 18) . As a result, polyfunctional T cells are more than just a "marker" of protective immune response. The molecular mechanisms linking high-dose antigenic stimulation with inferior polyfunctionality and poor memory formation remain largely unclear.
Collectively, these data indicate the need to understand the molecular control of T cell polyfunctionality, especially in the context of antigen dose. Elucidating the molecular details underlying T cell polyfunctionality could provide additional insights into T cell exhaustion and serve as a basis for vaccine design by optimizing T cell activity against virus infection or cancer.
In this study, we investigated the control of polyfunctionality in primary human virus-specific CD8 + T cells in response to antigen. In our model system, memory influenza-specific T cells repetitively stimulated with a high antigen concentration, 10 μM of the influenza M1 peptide on monocyte-derived DCs (moDCs), showed robust influenza antigen-specific CD8 + T cell proliferation, but low levels of polyfunctionality. In contrast, an optimal antigen concentration was determined, which induced highly polyfunctional influenza-specific T cells. An antigen concentration-dependent effect on polyfunctionality could also be demonstrated in naive human CD8 + T cells. Genomic gene set enrichment analysis (GSEA) revealed that the global transcriptome of high antigen concentration-induced T cells was similar, but not identical, to that of exhausted T cells observed in chronic infections. Importantly, low-level polyfunctionality induced by high antigen concentration stimulation led to increased expression of inhibitory receptors without evidence of inhibitory receptor signaling. Genetic and biochemical studies indicated that high antigen concentration impaired CD8 + T cell polyfunctionality through inhibition of the MAPK/ERK pathway via upregulation of sprouty-2 (SPRY2), a negative regulator of the MAPK/ERK pathway. Based on these findings, we analyzed a cohort of HIV-infected patients and found that SPRY2 is involved in HIV-specific T cell exhaustion. HIV-specific T cells showed increased levels of SPRY2 mRNA and SPRY2 protein compared with influenza-specific T cells from the same donors. Furthermore, shRNA-mediated inhibition of SPRY2 enhanced HIV-specific polyfunctionality independently of PD-1 blockade. When shRNA-mediated inhibition of SPRY2 was analyzed in the presence of anti-PD-1, HIV Gag-specific CTL had levels of polyfunctionality similar to the nonexhausted CEF (CMV, EBV, influenza virus) responses. SPRY2 thus appears to mediate inhibition of HIV-specific T cell polyfunctionality independently of the PD-1 pathway. These findings advance our understanding of the molecular control of T cell polyfunctionality and indicate what we believe to be a novel therapeutic target to reverse T cell dysfunction associated with chronic viral infection or cancer.
Results

Antigen concentration regulates polyfunctionality of human T cells.
Autologous moDCs were pulsed with various concentrations of the immunodominant, HLA-A*0201 restricted influenza peptide M1 5 8 -66 and used to stimulate CD8 + T cells ex vivo. On day 14 (D14), after 2 rounds of peptide-pulsed moDC stimulation, cell counts and percentage of M1-specific CD8 + T cells were determined. There was a direct correlation between the amount of antigen used, from 10 fM to 10 μM, to pulse DCs and percentage of M1-specific CD8 + T cells as well as the overall cell number (Figure 1 , A-C). Percentage of M1-specific T cells varied over 40-fold, from approximately 2% to 85%, and a similar impact was seen on total number of M1-specific CD8 + T cells.
Antigen concentration also controlled T cell effector function. On D14, T cells were incubated with M1 peptide-pulsed target cells and analyzed for multiple effector functions. Compared with T cells induced by 10 nM peptide-pulsed moDCs, T cells induced by high antigen concentration (10 μM) had a significantly reduced ability to simultaneously produce multiple cytokines or effector functions ( Figure 1, D and E) . Only 5.6% of the M1-specific cells induced with 10 μM peptide-pulsed moDCs produced both IL-2 and CD107, and 15.1% produced both TNF-α and MIP-1β. In contrast, when T cells were induced with 10 nM moDCs, there were significantly larger percentages of T cells with multiple effector functions. 25 .4% of the M1-specific T cells produced both IL-2 and CD107, and approximately 50% produced both TNF-α and MIP-1β. A low antigen concentration, 10 fM, also induced a lower percentage of dual-function M1-specific T cells when compared with the 10 nM antigen concentration, but a higher percentage of dualfunction M1-specific T cells compared with the 10 μM antigen. The effector function most sensitive to antigen concentration was IL-2 production, and functions least sensitive were CD107a and MIP-1β ( Figure 1E ). The loss of IL-2 responses during high antigen concentration stimulation is also observed during chronic infections such as HIV (9), where IL-2 production is the most sensitive and first function lost out of other effector functions. By analyzing overall T cell polyfunctionality, we determined an antigen concentration that induced the maximal amount of polyfunctional T cells. When individual T cell cultures were analyzed for all 5 functions simultaneously, there was a modal distribution for induction of polyfunctional T cells (Figure 1 , F and G). 10 nM antigen pulsed moDCs induced the greatest polyfunctional response; 26.4% of all M1-specific T cells had all 5 functions (5+ polyfunctional T cells). This was significantly higher than the response induced by the high antigen concentration, 10 μM, 4.5% 5+ polyfunctional M1-specific T cells (P = 0.002), or by the low antigen concentration, 10 fM, 13.7% 5+ polyfunctional M1-specific T cells (P = 0.001). There was no further inhibition of T cell polyfunctionality in response to an even higher antigen concentration, 100 μM (data not shown). Within the population of 5+ polyfunctional T cells, T cells induced with 10 nM moDCs also produced more IL-2 on a per cell basis ( Figure 1H ). T cells with the lowest polyfunctionality, induced by 10 μM moDCs, were dominated by a population of cells capable of producing MIP-1β and degranulation, but did not produce any cytokines (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI70510DS1). Upon rechallenge with antigen, T cells induced with 10 nM M1 antigen-pulsed moDCs also exhibited superior cell expansion (Supplemental Figure 2) . Thus, in the following sections of this manuscript, we refer to 10 nM as the optimal antigen concentration and 10 μM as the high antigen concentration of peptide used to pulse moDCs.
While these studies analyzed the memory M1-specific T cell responses, we also analyzed the impact of antigen concentration on naive CD8 + T cells. When naive T cells were stimulated with different concentrations of anti-CD3 and anti-CD28, a simi- Regulation of polyfunctionality is independent of the T cell differentiation markers. It is possible that different M1-specific T cell clones are hardwired with different polyfunctionality potential and selectively expanded in response to particular concentrations of antigen. This seemed unlikely as more than 95% of the M1 tetramerpositive cells were positive for Vβ17 TCR, independent of the amount of antigen used for stimulation (data not shown). In addition, it is possible that the T cell differentiation state could also have an impact on their effector functions (19) . We characterized T cells stimulated with a range of peptide concentrations using a panel of differentiation markers including CD45RO, CD45RA, CCR7, CD28, and CD27 and found no significant differences (Supplemental Figure 4A ) among the populations. T cells from all stimulation conditions also expressed similar levels of bcl-2 and T-bet (Supplemental Figure 4B ).
Molecular signature of T cell polyfunctionality.
Based on these results, we hypothesized that distinct molecular mechanisms regulate T cell polyfunctionality. To establish the molecular signature of polyfunctionality, antigen-specific T cells were induced by either high or optimal antigen concentration, tetramer sorted on D14, and analyzed for global gene expression. Cut-off point analysis was set at 1.6-fold change and an adjusted P value of less than 0.05.
628 well-annotated genes were upregulated in high versus optimal antigen concentration-induced T cells, and 302 genes were downregulated ( Figure 2A ). Functional grouping performed by the Database for Annotation, Visualization, and Integrated Discovery (DAVID) revealed that most differentially regulated genes are central to lymphocyte function, including inhibitory receptor expression, lymphocyte activation, chemotaxis, cytotoxicity, and antigen presentation (Supplemental Table 1 ). A full list of differentially expressed genes can be found in Supplemental Table 2 .
Compared with high antigen concentration-induced T cells, highly polyfunctional T cells induced by the optimal antigen concentration expressed less inhibitory receptors at the mRNA level, including PD-1, 2B4 (CD244), and KLRG1. Microarray data showed that transcription factors that promote CD8 + T cell memory formation, such as EOMES (20) and TCF7 (21), were higher in highly polyfunctional T cells, and differences were confirmed by flow cytometry or quantitative PCR (qPCR) (Figure 2 , B and C). We also found differential expression of multiple chemokines and chemokine receptors, which have also been shown to regulate T cell differentiation and memory formation (22, 23) , and a large group of differentially expressed genes were involved in signal transduction.
High antigen concentration-induced T cells are enriched with the molecular signature of T cell exhaustion. GSEA has been used to compare genomic signatures between microarray experiments in order to integrate different phenotypic cellular states (24) . GSEA showed that highly polyfunctional T cells were significantly enriched with the genetic signature for memory T cells (ref. 25 and Figure 2D ). In contrast, there was a significant enrichment of the exhausted gene signature (25) among high antigen concentration-induced T cells, indicating that these T cells share aspects of global gene expression patterns with T cells that are exhausted due to chronic lymphocytic choriomeningitis virus (LCMV) infection ( Figure  2D ). Similar enrichment was found while using the differentially expressed gene list from HIV progressors versus controllers (26) . Interestingly, while it has been established that the PD-1/PD-L1
Figure 4
MAPK/ERK pathway controls T cell polyfunctionality. (A) D14 tetramer-sorted high and optimal antigen concentration-stimulated T cells were restimulated with PMA/ionomycin for 10 minutes and analyzed for expression of pERK by flow cytometry. Red, high concentration; blue, optimal concentration; Gray, unstimulated. (B) ERK inhibitor U0126 inhibits pERK expression in a concentration-dependent fashion. T cells stimulated by the optimal concentration of antigen were restimulated with PMA/ionomycin in the presence or absence of varying concentrations of the ERK inhibitor U0126 for 10 minutes. Cells were then stained for pERK expression. Red, 100 μM U0126; orange: 1 μM U0126; blue, no U0126; gray, unstimulated. (C and D) Optimal concentration-induced T cells were incubated with T2 target cells for 6 hours in the presence of various amounts of U0126 before intracellular cytokine staining and polyfunctionality analysis. U0126 selectively inhibited cytokine secretion but not CD107a upregulation and MIP-1 expression. (E) T cells still mediated effective lysis of peptide-pulsed T2 target cells in the presence of 100 μM U0126.
pathway is involved in T cell exhaustion during chronic viral infections (27) , GSEA analysis of the PD-1 ligation signature (26) showed no significant enrichment.
Inhibitory receptor signaling is not required for high antigen concentration-induced polyfunctionality inhibition. To specifically study the role of inhibitory receptor signaling in the generation of polyfunctional T cells, we analyzed the inhibitory receptor expression on T cells induced by different antigen concentrations. Significantly higher levels of multiple inhibitory molecules such as PD-1, CTLA-4, and TIM-3 were seen in M1-specific T cells induced by high versus optimal concentration of antigen ( Figure 3A) . However, no difference was seen in expression of another inhibitory receptor, BTLA. We took several approaches to analyzing the potential role of signaling through inhibitory receptors, such as PD-1. Expression of basic leucine transcription factor, ATF-like (BATF), an important PD-1 downstream signaling molecule (26), was not upregulated by qPCR, in high antigen concentrationinduced T cells ( Figure 3B ). We further analyzed the potential role of PD-1 during high antigen concentration stimulation using anti-PD-1 antibody to block PD-1/PD-L1 interaction (10 μg/ml, clone EH12.2H7). Nevertheless, no increase in polyfunctionality was seen in high antigen concentration-induced T cells treated with anti-PD-1 ( Figure 3C ).
In addition to PD-1, there are other inhibitory ligands present on DCs that could potentially modulate polyfunctionality. To analyze the impact of antigen concentration on polyfunctionality in the absence of potential inhibitory molecules, we used artificial APCs (aAPCs), which have no inhibitory receptor ligands. This is a reductionist system in which aAPCs are made by conjugating HLA-A2-Ig-M1 complex (signal 1) and anti-CD28 (signal 2) onto particles (28, 29) . Higher concentrations of aAPCs with signal 1 plus signal 2 induced significantly more antigen-specific T cell proliferation ( Figure 3, D and E) , but lower T cell polyfunctionality ( Figure 3F ). Similar to moDC stimulation, there was an optimal antigen concentration for aAPC stimulation. Therefore, while signaling through PD-1 and other inhibitory receptors is widely involved in T cell exhaustion, polyfunctionality regulation due to antigen concentration requires only signal 1 and signal 2.
MAPK/ERK pathway controls T cell polyfunctionality in response to antigen concentration. To further investigate the molecular mechanism regulating polyfunctionality, we performed GO-BP-FAT analysis on the microarray result and found that the MAPK/ERK pathway is altered in T cells with different levels of polyfunctionality (Supplemental Table 3 ). The MAPK/ERK pathway is an important signaling pathway that critically regulates a variety of physiological processes, such as cell growth, differentiation, and survival. This pathway also plays important roles in many aspects of lymphocyte biology, such as thymocyte selection, CD4 + T cell differentiation, and T cell activation (30) . However, the role of the MAPK/ERK pathway in T cell polyfunctionality and exhaustion has not been reported. Differences were seen in the level of phospho-ERK (pERK) upregulation in T cells induced by either high or optimal antigen concentration. 67% of the optimal antigen concentration-induced T cells upregulated pERK in response to stimulation, while only 33% of the poorly polyfunctional T cells showed increased levels of pERK ( Figure 4A ). Upregulation of pERK was shown to be specific, as treatment of cells with U0126, a MEK1/2 specific inhibitor, inhibited ERK phosphorylation in a concentration-dependent fashion, with complete inhibition of pERK seen with 100 μM U0126 ( Figure 4B) .
If the MAPK/ERK pathway differentially controls effector functions involved in polyfunctionality, such as cytokine production, one should be able to convert 5+ polyfunctional antigen-specific T cells to low polyfunctional T cells by inhibiting ERK phosphorylation. In the presence of U0126, there was a dose-dependent inhibition of cytokine production (IL-2, TNF, and IFN-γ), with little effect on CD107 and MIP-1β expression in optimal antigen concentration-induced T cells. There was an approximately 10-fold reduction in the amount of IL-2 and TNF-α made by M1-specific CD8 + T cells (Figure 4, C and D) . However, CD8 + T cell-mediated lysis of target cells was largely insensitive to U0126 treatment ( Figure 4E) . Overall, the data indicate that cytokine secretion and polyfunctionality but not lytic ability or MIP-1β expression is dependent on the MAPK/ ERK pathway. Thus, the differential consequences of optimal and high antigen concentrations could be replicated by biochemical inhibition of the MAPK/ERK pathway.
Figure 6
SPRY2 inhibition enhances HIV-specific T cell polyfunctionality. (A and B) SPRY2 expression was studied in 12 HIV-infected HLA-A2 + patients. HIV-Gag-specific T cells and influenza M1-specific T cells were sorted by pentamer/tetramer staining and mRNA extracted from Gag-and M1-specific cells for qPCR analysis. (A) An example of flow cytometry-based simultaneous analysis of Gag-and M1-specific T cells from PBMCs of an HIV-infected donor. (B) qPCR and flow cytometry analysis of SPRY2 and PD-1 expression in Gag-specific, M1-specific, and total CD8 + T cells from HLA-A2 + HIV donors. Statistical analyses were performed by nonparametric Wilcoxon matched-pairs signed rank test. (C-F) PBMCs from 19 HIV-infected patients were activated with soluble anti-CD3, anti-CD28, and a mix of CEF/HIV peptide pools. Some cultures were also treated with anti-PD-1 (10 μg/ml) to block PD-1 signaling during activation. 24 hours later, cells were transduced with SPRY2 knockdown (KD) or NT control lentivirus. On D7 after virus transduction, PBMCs were stimulated with CEF or HIV Gag, Nef, and Tat peptide pools for 6 hours and analyzed for polyfunctionality. (C-E) Inhibition of SPRY2 expression led to augmented HIV-specific T cell polyfunctionality above and beyond that seen by inhibition of PD-1 pathway alone. (F) PD-1 blockade alone or in combination with SPRY2 inhibition had no significant effect on the CEF-specific response. Table 1 ) known to affect the MAPK/ERK pathway is SPRY2. Sprouty proteins are a well-conserved family known to mediate the negative feedback regulation of the MAPK pathway (31, 32) . Sprouty proteins bind to Grb2 and other components of the MAPK pathway, preventing the upregulation of pERK (33, 34) .
Upregulation of SPRY2 in high antigen concentration-induced T cells inhibits polyfunctionality. One gene identified in the microarray gene list (Supplemental
qPCR analysis confirmed that SPRY2 is upregulated in high antigen concentration-induced CD8 + T cells ( Figure 5A ) and upregulation of SPRY2 is downstream of ERK activation, as it is inhibited by U0126 treatment added during high antigen concentration stimulation (Supplemental Figure 5) . To determine whether SPRY2 mediates suppression of polyfunctionality in high antigen concentration-induced T cells, we engineered lentiviral particles containing shRNA-targeting SPRY2 in order to inhibit its expression. SPRY2 knockdown virus efficiently inhibited mRNA expression of SPRY2, by approximately 80%, while control nontarget (NT) virus had no effect ( Figure 5B ). SPRY2 knockdown also led to a significant decrease in SPRY2 protein levels as determined by flow cytometry ( Figure 5B ). The MFI of SPRY2 in the SPRY2 knockdown cells decreased from 1860 to 910. Upon antigen stimulation, the SPRY2 knockdown T cells produced more cytokines than the control lentivirus-infected T cells ( Figure 5C ), and overall, the percentage of 5+ polyfunctional T cells increased from approximately 21% to 37% ( Figure 5D ). Thus, high antigen concentration stimulation leads to lower CD8 + T cell polyfunctionality through upregulation of SPRY2, which inhibits the MAPK/ERK pathway.
SPRY2 controls HIV-specific T cell polyfunctionality. As compared with acute infection such as influenza, HIV-specific CTL responses in infected patients are known to have significantly lower levels of polyfunctionality, and CTL dysfunction is not restored by antiretroviral therapy (9, 35) . Recent studies indicate that inhibition of the PD-1 pathway partially reverses low polyfunctionality associated with chronic viral infection (13) . However, the effects of anti-PD-1 treatment were modest (14, 15) and indicated that additional mechanisms control HIV-specific T cell polyfunctionality.
We hypothesized that HIV-specific T cells also upregulate SPRY2 and that upregulation of SPRY2 is responsible for the low levels of T cell polyfunctionality seen in HIV-specific responses. PBMCs from 7 HLA-A2-positive HIV-infected patients were sorted on the basis of pentamer/tetramer staining into either HIV Gag-or influenza M1-specific CTL ( Figure 6A ). Within CD8 + T cells, the average percentage of Gag-specific T cells was 0.45% as compared with 0.04% of M1-specific T cells (P = 0.03, data not shown). qRT-PCR on these populations showed that SPRY2 was upregulated in the Gag-specific T cells compared with both the M-1-specific T cells (P = 0.029) and nonspecific CD8 + T cells (P = 0.015) from the same donors. Flow cytometry staining for SPRY2 showed that Gag-specific T cells express higher levels of SPRY2 protein and PD-1 ( Figure 6B ). Consistent with previous findings (9), these cells are less polyfunctional when analyzed directly ex vivo (Supplemental Figure 6) .
We next studied the effect of SPRY2 knockdown on HIV Gag-, Nef-, and Tat-specific CTL responses ( Figure 6, C-F) . Inhibition of SPRY2 substantially enhanced all the HIV-specific polyfunctional responses independently of PD-1 blockade. In addition, inhibition of SPRY2 in combination with anti-PD-1 treatment further augmented polyfunctional responses ( Figure 6, C-F) . By combining anti-PD-1 with SPRY2 inhibition, HIV Gag-specific polyfunctionality improved to levels seen in the CEF-specific (CMV, EBV, and influenza) responses. In contrast, neither SPRY2 inhibition nor PD-1 blockade had a significant effect on CEF-specific responses from the same donors ( Figure 6F ). These findings indicate that SPRY2 upregulation inhibited HIV-specific T cell polyfunctionality independently of the PD-1 pathway.
Discussion
Polyfunctionality has emerged as a highly significant predictor of protective immunity (1, 2, 7, 9, 18) . In this report, we generated antigen concentration-dependent influenza-specific CD8 + T cells with differing levels of polyfunctionality. An optimal concentration of antigen, resulting in highly polyfunctional T cells, was determined, and microarray analysis showed that these T cells were enriched for a memory T cell signature. In contrast, high antigen concentration-induced T cells that were markedly less polyfunctional were enriched for a T cell exhaustion signature. These poorly polyfunctional T cells had high levels of inhibitory receptor expression, but inhibitory receptor signaling did not regulate polyfunctionality in this system. By utilizing the aAPC system, we demonstrated that high antigen concentration alone could regulate polyfunctionality. Through these findings, we identified the MAPK/ERK pathway and SPRY2 as regulators of polyfunctionality in high antigen concentration stimulation and validated the importance of SPRY2 in chronic HIV infection.
The molecular profile of highly polyfunctional T cells is enriched with memory signature genes and is consistent with the idea that the polyfunctional state is associated with memory T cell development (1, 19, 36) . Two key genes identified as part of the polyfunctional signature were EOMES and TCF7, both known to be indispensable for optimal CD8 + T cell memory formation (20, 37) . The mechanisms governing their expression levels are not entirely clear, but here we identified antigen concentration as an important factor. The finding that optimal antigen concentration induced higher levels of TCF7 and EOMES could identify the molecular mechanism linking optimal antigen concentration to superior T cell memory formation.
High antigen concentration induced the most robust proliferation, but the lowest levels of T cell polyfunctionality. The dominant subpopulation of high antigen concentration-induced T cells did not produce any cytokines, but these T cells efficiently mediated target cell recognition and killing. Thus, high antigen concentration-induced T cells were not anergized. These T cells, which exhibit poor cytokine production, low proliferative potential, and high levels of KLRG1, may represent short-lived effector T cells driven toward terminal differentiation during antigenic stimulation, albeit they did not yet exhibit the CD28 -and CD27 -phenotypes (Supplemental Figure 4) .
Chronic viral infection is also associated with high antigen load, T cell exhaustion, and the loss of polyfunctionality. The loss of each individual function in our system follows the hierarchical order for loss of functions observed in HIV and LCMV infections (8) . In brief, IL-2, a homeostatic cytokine that promotes T cell proliferation, is lost first. Subsequently, secretion of effector cytokines, such as TNF-α and IFN-γ, is impaired. In contrast, upregulation of CD107a and MIP-1β are least affected (9) . Enrichment of the T cell exhaustion signature in the high antigen concentration-induced T cells indicates that these T cells share certain biological pathways with exhausted T cells seen in HIV (26) and chronic LCMV (25) infection. Thus, high antigen concentration-induced T cells may represent cells "on their way" to becoming completely exhausted.
Inhibitory receptor upregulation is a key feature of T cell exhaustion (10) and often characterized by active suppression mediated through the PD-1/PD-L1 pathway (13, 14) . Although the poorly polyfunctional T cells expressed more inhibitory receptors, the poorly polyfunctional phenotype was independent of inhibitory receptor signaling. This is evident by the fact that PD-1/PD-L1 blockade did not attenuate high antigen concentration-induced loss of polyfunctionality and that the effect of high antigen concentration was seen even when using a signal 1/2 only-aAPC system to induce poorly polyfunctional T cells. Additional evidence comes from the lack of enrichment of the PD-1 molecular signature, such as upregulation of BATF, in the high antigen concentration-induced T cells. Overall, our data show that TCR signaling strength alone determines T cell polyfunctionality.
Our study identified SPRY2 as a regulator of T cell polyfunctionality and showed that SPRY2 expression level is dependent on antigen concentration. Sprouty proteins were originally identified in Drosophila as regulators for embryonic development, and mutations in sprouty proteins were found in various human cancers (31) . All sprouty proteins were found to be negative regulators of growth factor signaling, especially the MAPK/ERK pathway (32, 33) . A potential role of sprouty proteins has been seen in T cell activation where both SPRY1 and SPRY2 inhibit T cell activation and IL-2 production (34, 38) . SPRY1-deficient mice have been shown to have enhanced antitumor T cell responses (39) . Interestingly, a recent microarray analysis indicated that SPRY2 is upregulated in CD8 + CXCR1 -CD27 -CD28 -T cells capable of producing IL-2 (40) . However, the physiological role of SPRY2 was not validated in these studies. Given the importance of the MAPK pathway in immune system signaling, it is likely that sprouty proteins could also regulate the outcome of diverse immune responses. During immune response against infection, upregulation of sprouty proteins might be beneficial to the host as a strategy for preventing immune system overactivation and subsequent immunopathology. On the other hand, modulation of SPRY2 expression could be a potential way to enhance T cell polyfunctionality and immunological memory during chronic infections.
Authors have previously reported trying to improve HIV-or HCV-specific polyfunctional T cell responses by blocking inhibitory receptor-ligand interactions, such as PD-1/PD-L1 (13) (14) (15) 41) . To date, the improvement in T cell function has been modest and probably is limited only to less terminally differentiated cells (42) . Here, we show that inhibition of SPRY2 expression was associated with improvement of HIV-specific polyfunctional responses above and beyond the effects of PD-1 blockade. As a result, SPRY2 could be a novel therapeutic target for reversing T cell exhaustion to be used in combination with inhibitory receptor blockade. The finding that CEF-specific T cells, which remain highly polyfunctional in HIV patients, did not respond to SPRY2 inhibition indicates that the expression level of SPRY2 could be related to different T cell outcomes of viral infections and additional studies on the regulatory mechanisms of its expression are warranted.
Our study mechanistically reveals the need to choose optimal antigen doses for immunization to achieve effective immunological memory and protection. While it is hard to extrapolate from the doses of antigen used in our in vitro studies to specific vaccine doses, simply increasing the dose of antigen could result in generation of poorly polyfunctional T cells with less memory potential and might not be an appropriate approach for at-risk populations who exhibit inferior responses to standard vaccinations. Thus, the human T cell polyfunctionality signature and the molecular mechanisms involving SPRY2 and the MAPK/ERK pathway, as identified in the current study, can have important clinical applications such as identifying desirable immune responses in response to immunization and infection.
Methods
Study subjects and purification of primary human PBMCs and CD14 + and CD8 + T cells. PBMCs from 5 healthy HLA*0201-positive donors and 15 HIVinfected patients were isolated by Ficoll-Paque PLUS gradient centrifugation following the manufacturer's protocol (GE Healthcare). The HIV-infected, HAART-treated aviremic patients were recruited from Johns Hopkins and Case Western Reserve University. The average age of donors was 49 years old. For some experiments, CD14 + and CD8 + T cells were further purified from fresh PBMCs using the CD14 + cell-positive selection and CD8 + T cell-negative selection kits according to the manufacturer's instructions (Miltenyi Biotec).
Generation of peptide-loaded moDCs and aAPCs. The generation of moDCs was done by following the standard protocol as previously described (28, 43) . Briefly, CD14 + cells were cultured in complete RPMI supplemented with 5% autologous plasma, 100 ng/ml human granulocyte-macrophage colonystimulating factor, and 50 ng/ml IL-4. After 6 days of culture, a maturation cocktail containing 10 ng/ml TNF-α, 10 ng/ml IL-1, 1000 U/ml IL-6 and 1 μg/ml prostaglandin E2 was added to culture. MoDCs were harvested on D7, and the mature DC phenotype was confirmed by flow cytometric analysis of CD80, CD86, and HLA-DR. moDCs were then pulsed with influenza virus matrix peptide M1 (58-66; GILGFVFTL) at different concentrations in serum-free media for an hour at 37°C. Peptide-pulsed moDCs were then washed extensively to remove free peptide in solution before use.
For generation of aAPCs, M1 peptide-loaded HLA-A2-Ig and anti-CD28 (clone 9.3) were biotinylated and coupled to anti-biotin coated microbeads (Miltenyi Biotec) and stored at 4°C (29) before use.
In vitro expansion of M1-specific CD8 + T cells. Three million freshly isolated CD8 + T cells were cocultured with 1 million moDCs in complete RPMI medium containing 5% autologous plasma, 3% T cell growth factor (28), and antibiotics. For micro-aAPC stimulation, different amounts of microaAPCs were cocultured with CD8 + T cells. On D7 and weekly thereafter, T cells were harvested, counted, and replated at the same T cell/APC density. Influenza M1-antigen specificity was determined by using HLA-M1-specific A*0201 PE or APC tetramers (GILGFVFTL; Beckman Coulter).
Detection of intracellular cytokines to assess polyfunctionality. For experiments involving M1-specific T cells, 2 × 10 5 CD8 + T cells were incubated with 1 × 10 5 target cells (HLA*0201-positive T2 cell line) at 37°C in the presence of monensin, brefeldin A and anti-CD28/CD49d costimulation (all from BD Biosciences). Anti-CD107a was added at the start of stimulation. Target cells were pulsed with M1 peptide at a concentration of 1 μM for an hour and washed twice before use. Unpulsed target cells were used as background stimulation. After 6 hours, cells were washed twice with FACS wash buffer and then stained with viability dye, anti-CD3, and anti-CD8 for 20 minutes. Cells were then fixed and permeabilized with the Cytofix/Cytoperm kit (BD Biosciences) following the manufacturer's protocol. A cocktail of fluorophore-conjugated antibodies containing anti-IL-2, anti-TNF-α, anti-IFN-γ, and anti-MIP-1β was added to the cells and stained for an hour. For experiments involving HIV-specific T cell responses, 2 × 10 5 PBMCs were stimulated with different peptide pools at a concentration of 0.5 μg/ml per peptide (Gag, Nef, Tat peptide pools, NIH AIDS reagent program; CEF peptide pool, Anaspec) for 6 hours for effector function detection.
Complete combinations of different effector function were performed using the Boolean gate platform of FlowJo version 9.3.1 software (TreeStar). Reported data were further adjusted by background subtraction. Polyfunctionality pie charts were generated by SPICE (Data Mining (44) .
Microarray experiment, data analysis, and qPCR validation. More than half a million M1-specific T cells induced by 10 μM or 10 nM moDCs from 5 experiments on 3 donors were tetramer sorted and preserved in TRI reagent (Molecular Research Center) at -80°C. RNA extraction and microarray experiments were performed by Miltenyi Biotec. Hybridization was performed with single-colored Whole Human Genome 8× 60K Oligo Microarrays (Agilent Technologies). Gene expression data were analyzed using Partek Genomic Suite. Each sample was normalized and log2 transformed before being compared by t test (P < 0.05). Genes with fold changes of more than 1.6 were selected for further analysis. Differential expressed genes were functionally grouped and annotated using DAVID Bioinformatics Resources 6.7 (NIAID, NIH; available at http://david.abcc.ncifcrf. gov/home.jsp) (45) . Functional annotation and pathway identification were performed using the Gene Ontology (GO) fat category, as provided by the DAVID platform. Validation of significant changes (P < 0.05) in the expression of candidate genes were done by real-time qPCR (TaqMan gene expression assay) using ACTB or HPRT1 as internal controls. The complete microarray data set is available from GEO (GSE39761).
GSEA. GSEA (46) was used to identify gene sets that are significantly enriched in either high concentration (10 μM) or optimal concentration (10 nM) stimulation. The input to GSEA is the log2 transformed expression ratio for each gene. In the scenario in which 1 gene is measured by multiple probes, we used the maximum expression ratio of all probes for that gene. GSEA (46) calculates a running sum of the statistic for each gene set. The test statistic is the maximum of the running sum (enrichment score), and permutation tests are performed to evaluate the empirical P value of the enrichment. Gene sets for LCMV exhaustion versus normal effector and memory T cells (25) were provided by John Wherry (University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania, USA). Gene sets for HIV progressor and PD-1 signaling (26) were provided by Nicolas Haining (Dana-Farber Cancer Institute, Boston, Massachusetts, USA).
pERK staining and cytotoxicity assay. pERK detection was based on protocols as previously described (47) . Briefly, M1-specific T cells were stimulated with PMA/ionomycin for 10 minutes before fixation with 2% formaldehyde and permeabilized with 90% methanol. Staining was performed with anti-phospho-p44/42 MAPK (ERK1/2) antibody from Cell Signaling (clone E10). Flow cytometry-based cytotoxicity assay (48) was used to investigate the effect of ERK inhibition on T cell-mediated HLA-A2-positive T2 cell killing.
Production of shRNA-containing lentiviral particles and T cell transduction. shRNA sequence (5′-CTGAACAGAGACTGCTAGGATCATCCTTC-3′) targeting the human SPRY2 gene was cloned into pLKO.1 puro plasmid (provided by Joel Pomerantz, Johns Hopkins University School of Medicine). Viral particles were made by cotransfecting 20 ng of the PLKO plasmid plus 15 ng delta 8.9 plasmid and 10 ng pCMV-VSV-G into HEK293T cells (plated 24 hours earlier at 2.5 × 10 6 cells/dish) via calcium phosphate precipitation as previously described (49) . Transduction of primary M1-specific T cells was performed 24 hours after DC stimulation by spinning at 300 g for 90 minutes in the presence of 8 μg/ml polybrene (Sigma-Aldrich). 24 hours after transduction, culture medium containing 1.5 μg/ml puromycin was used to select for virus-transduced T cells.
